The calcium-activated chloride channel, also known as TMEM16A, shows both calcium and membrane potential dependent activation. The channel is expressed broadly and contributes to a variety of physiological processes, and it is expected to be a target for the treatment of diseases such as hypertension, pain, cystic fibrosis and lung cancer. A thorough understanding of the structural characteristics of TMEM16A is important to reveal its physiological and pathological roles. Recent studies have released several Cryo-EM structures of the channel, revealed the structural basis and mechanism of the gating of the channel. This review focused on the understandings of the structural basis and molecular mechanism of the gating and permeation of TMEM16A channel, which will provide important basis for the development of drugs targeting TMEM16A.
within the bilayer in an ATP-independent manner. In addition, lipid scramblase nhTMEM16 and afTMEM16 were also found in eukaryotic cells from Nectria haematococca and Aspergillus fumigatus, respectively [13, 14] .
As the most classical CaCCs, TMEM16A has typical characteristics of CaCC, including Ca 2+ and voltage-dependent activation [15] [16] [17] [18] . Recent studies have found that TMEM16A is regulated by phosphatidylinositol 4, 5-bisphosphate [PI(4,5)P 2 ] [19] [20] [21] in addition to calcium ion, voltage and anion regulation. Currently, TMEM16A has been identified in epithelial cells [3] , neuronal cells [22] , smooth muscle cells [23] , vascular endothelial cells [24] , and myocardial cells [25] . The wide distribution of TMEM16A in various tissues indicates its diversity in physiological functions [26] . Studies have shown that TMEM16A is involved in control neuronal signaling, airway and exocrine gland secretion, smooth muscle contraction, and rhythmic movements of the gastrointestinal system [4, [27] [28] [29] .
TMEM16A pharmacological modulators may have broad therapeutic applications (Fig. 1) [30, 31] . In epithelial cells, TMEM16A can act as a compensatory chloride channel of cystic fibrosis transmembrane conductance regulator, and activation of it can provide a way for chloride and bicarbonate secretion needed to ameliorate mucociliary clearance and restore anti-microbial activity [32] . It may be an attractive strategy for cystic fibrosis treatment. On the other hand, in small intestinal smooth muscle cells, TMEM16A is required to maintain the slow wave of smooth muscle interstitial cells of Cajal, which indicates that the modulators of TMEM16A channels have regulatory functions on gastrointestinal motility [33, 34] . In the nervous system, TMEM16A is capable of augmenting the excitability of DRG neurons under inflammatory or neuropathic conditions and thereby aggravates inflammation or tissue injury-induced pathological pain [35] . TMEM16A inhibitors have the potential to be developed as novel analgesics. In addition, TMEM16A is also associated with cancer. Studies have found that TMEM16A is abnormally upregulated in some cancer cells including head and neck squamous cell carcinoma [36] , gastric cancer [37] , gastrointestinal stromal tumors [38] and colon cancer [39] , and inhibition of TMEM16A can inhibit proliferation, migration, and invasion of cancer cell [40, 41] . Therefore, TMEM16A channel modulators have potential applications in the treatment of the above diseases.
Although several TMEM16A regulators have been discovered by high-throughput screening, to find the more specific and potent regulators is still in need [42] , and it is urgent to understand the structure and functional relationship of TMEM16A. Fortunately, the structure of the TMEM16A channel with the alternativelyspliced segments a and c (named TMEM16(ac)) was revealed in 2017 [43] [44] [45] , and with the development of Cryo-EM technology, more and more structures of TMEM16 family members were revealed, which can guide us to understand the structure-function relationship of TMEM16A. Here, we attempt to summarize the latest research on the structure of TMEM16A and the gating and permeation mechanism of this channel, and hope to provide a comprehensive understanding for drug design based on TMEM16A channel, which will help discover novel drugs, such as analgesics, anticancer drugs, and antihypertensive drugs.
The overall structure of the TMEM16A channel
In 2014, Brunner et al. present the X-ray structure of a TMEM16 homologue from Nectria haematococca (nhTMEM16), which is the first high-resolution structure of TMEM16 family ( Fig. 2a and b ) [13] . The structure of nhTMEM16 is a dimer arranged in a bilobal 'butterfly' fold, with each subunit containing a two Ca 2+ -binding site and ten transmembrane (TM) helices. Each monomer has a hydrophilic, membrane-spanning groove that provides a route for lipid headgroups to move across membranes. Both termini are structured and located on the cytoplasmic side of the membrane.
The a-helices and b-strands of the amino terminal domain are organized in a ferredoxin-like fold. The three a helices of the carboxy terminus are wrapped around the N-terminal domain of the adjacent subunit, thereby constituting a large part of the subunit interface [13] . Before the TMEM16A structure was revealed, the structure of nhTMEM16 provided important reference for us to understand the structure of TMEM16A, and provided the possibility for homology modeling of TMEM16A.
Sequence of TMEM16A has at least four different alternatively-spliced segments a, b, c, and d, resulting in proteins having between 712 and 1006 amino acids [5] . Alternativelyspliced segment a (N-terminal first 116 amino acids) is very important forTMEM16A activity. Stepwise shortening of Nterminus caused an in parallel stepwise decrease in TMEM16A expression and function [46] . Segments b (22 amino acids localized in the N-terminus) and c (EAVK in the first intracellular loop) may be part of protein regions involved in voltage and Ca 2+ sensing. Lacking segment b causes an important change in the Ca 2+ -dependent sensitivity of TMEM16A [47] . Deletion of segment c results in approximately 50-fold decreases in the apparent Ca 2+ sensitivity, and enhances voltage-dependent activation of the channel [18] . Segment d (containing 26 amino acids) does not appear to alter TMEM16A channel activities [47] . However, there may be tight coordination between alternative splicing of segment b and d. On the one hand, the five tissues (liver, placenta, prostate, thyroid, and trachea) that contain the b segment tend to exclude the d segment from mature tran-scripts. On the other hand, skipping of segment b is associated with segment d inclusion in several but not all other tissues [47] .
With the maturity of Cryo-EM technology, in May 2017, Paulino et al. first disclosed the TMEM16A structure (PDB ID: 5NL2) of Mus musculus with a resolution of 6.6 Å [43] . The biggest difference from nhTMEM16 is the subunit cavity site, which is sealed from the membrane to prevent lipid ingress and allows only ion permeation. This structure reveals for the first time the structural differences between lipid scramblase and ion channels in the TMEM16 family. In December 2017, two groups published two research papers in Nature independently. They revealed four highresolution TMEM16A structures in different states, including the double Ca 2+ binding state (5OYB, 6BGI); the single Ca 2+ binding state (6BGJ), and the Ca 2+ free state (5OYG) [44, 45] . Among them, 5OYB is the most complete crystal structure of TMEM16A with highest resolution ( Fig. 2a and b ). The overall construction of the mTMEM16A are very similar to that of the nhTMEM16. On the extracellular side, long stretches of amino acids that connect ahelices a1-a2, a5-a6 and a9-a10 interact to form a folded domain, consisting of coil regions with interspersed elements of secondary structure that are stabilized by four disulfide bridges. Ten transmembrane helices penetrate the cell membrane, including a closed ion channel and a conserved Ca 2+ binding sites. On the intracellular side, the N-terminal domain displays a ferredoxin-like fold that resembles the equivalent part in the nhTMEM16 scramblase ( Fig. 2a and b) [13, 44, 45] .
Ca 2+ binding sites
The Ca 2+ binding plays a key role for Ca 2+ -dependent gating in TMEM16A [48, 49] . After years of arguing that TMEM16A is regulated by Ca 2+ directly or indirectly, it is considered that the Calmodulin is not necessary in functional TMEM16A [50] . And then, it is a tortuous process to find the Ca 2+ binding site because there is no classical motif as EF-hand in the sequence of TMEM16A. Xiao and Pang et al. identify a region (EEEEEAVK) in the first intracellular loop that is crucial for both Ca 2+ and voltage sensing [18, 51] . Studies have shown that deletion of EAVK significantly reduces apparent Ca 2+ affinity. Mutation of the EEEE/AAAA eliminates the intrinsic voltage dependence but does not alter the apparent Ca 2+ affinity [18, 51] . Since this fragment is randomly curled and there is no calcium ion binding to it in the existing stereostructure, how the loop regulates the calcium dependent gating of the channel still needs to be clarified.
In 2012, Yu et al. found that mutating E702 and E705 to glutamate greatly reduced the sensitivity of Ca 2+ (mTMEM16A isofrorm 1 (NM-178642) is the basis of the numbering of amino acids) [52] . In 2014, Tien et al. identified several evolutionarily conserved acidic residues in TMEM16A (E654, E702, E705, E734, and D738) that are responsible for calcium activation [50] . Cryo-EM structure confirmed the previous results that acidic residues E654, E702, E705, E734 and D738 group together to form the Ca 2+ -binding sites in TMEM16A which can bind two calcium ions ( Fig. 2d ) [44, 45, 50, 52] . These key residues are distributed in the transmembrane a helix 6-8 which are highly conserved among members of the TMEM16 family [13, 50] . In addition to the five key acidic residues described above, mutagenesis studies indicate that the Ca 2+ interacts with three polar residues (N650, N651, N730), and mutation of these residues to alanine lowers the potency of Ca 2+ , suggesting that N650, N651 and N730 are also helpful for Ca 2+ binding (Fig. 2d ) [45] .
Recently, the stereostructure of TMEM16K has been disclosed. Interestingly, TMEM16K has a new Ca 2+ binding site in TM10-a10. Examination of the mTMEM16A electron density map indicated that the density of this site was consistent with that of Ca 2+ , suggesting that TMEM16A may also have a new Ca 2+ binding site (P887, D888) [53] . It is a common case that there are more than one ion binding sites in Ca 2+ regulated protein like BK channel and Calmodulin [54, 55] . The function of this new Ca 2+ -binding site is unclear. The sites are conserved in mammalian, but not fungal TMEM16s. Moreover, the mutant of the sites did not alter lipid scrambling function of TMEM16K, we speculate that it may not affect the ion permeation of TMEM16A.
Pore domain
To understand how TMEM16A mediates and controls anion permeation, it is important to determine the location of the TMEM16A pore domain. The scramblase structures of TMEM16 family, including TMEM16K, TMEM16F, afTMEM16 and nhTMEM16 [53, [56] [57] [58] , confirm that the ''subunit cavity" of each subunit provides a suitable pathway for the polar lipid headgroups on their way across the hydrophobic core of the bilayer [58] . The structure of ''subunit cavity" is the pore domain that mediates ion permeation in the mTMEM16A. However, this region, especially TM 3, 4 and 6, undergoes a conformational rearrangement relative to the TMEM16 lipid scramblase (Fig. 2b) . Due to the rearrangement of the conformation, the 3-7 helix together form a closed channel [44, 45] . The shape of the pore is like an hourglass (Fig. 2c ).
Mutagenesis and electrophysiological experiments identified some residues distributed in the pores. These residues are divided into two groups:one group is distributed along the entire pore and is important for anion selectivity and the other group is clustered together and is important for gating. It is reported that R515 on TM3, K603 on TM5-TM6 loop, K588 on TM5 play critical roles in anion selectivity. In addition, N546 and D554 on TM4, N591 and V599 on TM5, Q709 and F716 on TM7 and S639 on TM6 also affect the selectivity of the anion [44] . Considering that the positive charge on the basic residue may is responsible for the anion selectivity, Peters et al. identified four basic residues (R515, K603, R621 and R788) associated with anion selection [59] . On the other hand, mutagenesis studies found that seven residues within the pore may be involved in the calcium dependent gating of TMEM16A. Five mutations, N546A and I550A on TM4, Y593A and I596A on TM5, and F712A on TM7 increased apparent affinity of Ca 2+ . Otherwise, the V599A on TM5 and L643A on TM6 reduced apparent Ca 2+ sensitivity [44] . During the activation of the channel by calcium ions, the neck region of the channel is speculated to undergo a conformational change, thereby allowing ion permeation. Therefore, these gating-related residues, sited in the neck of the channel, may be closely related to the allosteric process of the channel.
PI(4,5)P 2 binding sites
Phosphatidylinositol (4,5)-bisphosphates [PI(4,5)P 2 ] is an important signaling lipid [60] and a key regulator of many cation channels. However, relatively little is known about the regulation of anion channel by phosphoinositides [61] . In recent years, it has been found that TMEM16A is also regulated by PI(4,5)P 2 . De Jesús-Pérez et al. found that decreasing of intracellular PI(4,5)P 2 resulted in a rundown of the TMEM16A current under whole-cell recording [62] . Ta et al. have reported that PI(4,5)P 2 stimulates TMEM16A currents in excised patches [63] . In 2019, Le et al. found that PI(4,5)P 2 can regulate activation and desensitization of the TMEM16A channel [19] , and confirm the binding residues (R455, K465, R486, K571, R579 and K583) by simulation and mutagenesis experiments ( Fig. 2e and f) . They propose that the ion-permeable pores of TMEM16A consist of two modules. The ''PI(4,5)P 2 binding module" of the a helix 3-5 controls the channel desensitization, while the ''Ca 2+ binding module" of the a helix 6-8 controls Ca 2+ -dependent activation [19] .
At the same time, Yu et al. identified three PI(4,5)P 2 binding sites in TMEM16A by experimental mutagenesis and molecular modeling [20] to reveal the mechanism by which PI(4,5)P 2 regulates TMEM16A. These three sites are composed of 5 (R433, K430, R429, R437, K313), 7 (K659, R662, R665, R668, R682, R683, K684) and 3 (R461, K480, R484) basic residues respectively. It is experimental proved that these residues affect the response of TMEM16A to PI (4,5)P 2 in different degrees. (Fig. 2e) [20] . These sites are uniformly distributed near the membrane-cytoplasmic interface where the electrostatic potential is high (Fig. 2f ). This is because PI(4,5)P 2 itself is negatively charged, its binding site usually contains 2 or more positively charged residues [61, 64] . It is noteworthy that the PI(4,5)P 2 binding site is also distributed on TM6, which is the gating component of the TMEM61A channel [45, 65] . Yu et al. believe that PI(4,5)P 2 may have an effect on TMEM16A by altering the ion-conducting pathway or affecting Ca 2+ binding [20] . PI(4,5)P 2 plays a key regulatory role for TMEM16A, but the regulatory effects of other molecules of membrane lipid on TMEM16A are unclear. Therefore, the effects of the lipid environment may be worth studying. but it is not known whether there is a major site of action in so many sites. In addition, we don't know how these binding sites work together to make PI(4,5)P 2 work, and how PI(4,5)P 2 causes the conformation change of the TMEM16A channel. We expect more reports on the molecular mechanism concerning PI (4,5)P 2 regulation of the TMEM16A channel, and hope to obtain the three-dimensional structure of the TMEM16A-PI(4,5)P 2 complex.
Calcium-dependent conformational transition
The structure of TMEM16A in different states provides potential information for understanding the allosteric mechanism of Ca 2+ activation. The disclosure of a large number of structures of its homologue also provides an important and extensive reference for the investigation of the TMEM16A channel. Based on the TMEM16A structure in Ca 2+ free (5OYG) and bound (5OYB) state, Paulino et al. provided an understanding of the activation mechanism of mTMEM16A (Fig. 3a) [45] . The most obvious difference between the two structures is in the inner half of TM6 which is used as a gating element during the activation process. The Ca 2+ ions at the binding site attract E654, which causes the lower half of TM6 to reorient and results in the transition of this fragment from a-helix to p-helix. The G644 acts as a door shaft during this process. To further determine the role of TM6 in the gating process, Peters et al. identified key gating residues and Ca 2+ -binding sites in the sixth transmembrane segment by molecular dynamics simulation and experimental mutagenesis in 2018. The experimental results suggest that K645 at the lower end of TM6 is critical residue for regulating the dependence of channel gating on voltage, Ca 2+ , and anion [65] . In the same year, Lam et al. found that the bound Ca 2+ affect the static of the narrow neck by long-distance coulomb interaction with the two residues K588 and K645 of the channel neck, thereby affecting the ion permeation. Among them, K645 has a stronger effect [66] . In summary, TM6 is a key component of TMEM16A channel gating, especially E654 and K645 on TM6 play a crucial role in Ca 2+ binding and ion permeation.
During the gating process, TM3 and TM4 were considered as another key component. Le et al. demonstrated that TM3, TM4 and TM5 are TMEM16A ''PI(4,5)P 2 Binding Modules", which bind with PI(4,5)P 2 to facilitate channel opening of TMEM16A [19] . Although TM3 and TM4 were observed little difference between the Ca 2+ -free and Ca 2+ -bound states of TMEM16A, TM4 showed significant differences between the two states in the structures of nhTMEM16 and afTMEM16 ( Fig. 3c and d) [45, 53, 56, 58] . Falzone et al. proposed that opening of the lipid pathway is primarily controlled by two structural elements, TM4 and TM6, which are curved when the protein is Ca 2+ -free, sealing the pathway from the lipid membrane. The Ca 2+ binding facilitates the transition of TM6 to a straight conformation and disengagement of it from TM4, allowing TM6 to move toward TM8 and complete the formation of the Ca 2+ -binding site [56] . Kalienkova et al. also found a similar process on the nhTMEM16 channel ( Fig. 3b and c) . In open state of the nhTMEM16, the TM4 and TM6 are separated from each other over their entire length, forming two opposite edges of the semi-circular pole groove exposed to the lipid bilayer [58] . The same rule occurs in hTMEM16k that open conformation of the groove is necessary for scramblase activity (Fig. 3d) [53] .
In TMEM16A from mouse, TM4 and TM6 are stacked together to cause TM3-TM7 to form a closed water hole, unlike the grooves accessible by the membrane lipids on both sides of the nhTMEM16, afTMEM16 and hTMEM16K. Considering the homology between channel protein and lipid scramblase of TMEM16 family, it is necessary to clarify whether mTMEM16A will produce a similar conformation rearrangement during the process of permeable ions. Alvadia et al. proposed three lipids transport mechanisms according to the structure of mTMEM16F in closed state and the intermediate state revealed in 2019. They also believe that TM4 and TM6 are key gating components (Fig. 3e) [67] . In the same year, the human TMEM16F structure was also disclosed by Feng et al. and they proposed a transport mechanism that is different from mTMEM16F. They found that opening of the grooves is not necessary during membrane deformation and lipid scrambling (Fig. 3f ) [57] . And lipid scrambling and ion permeation do not share the same pathway. This finding provides new insights into the structure and function of TMEM16 family ion channels and lipid scramblase.
The calcium-dependent allosteric transition, also known as gating, and the chloride ions permeation of TMEM16A channel are key issues that needs to be solved urgently. Therefore, the detailed mechanism of how Ca 2+ regulate channel gating deserves further study. We believe that Ca 2+ can induce conformational changes of TM6, but how to transfer forces and which residues play a key role in the conformational changes of TM6 is inconclusive. In addition, how the two Ca 2+ achieve synergistic regulation of the channel is still obscure.
Modulators of TMEM16A
Searching for more powerful modulators and studying the mechanism of their interaction with proteins has been a subject worthy of attention in this field of TMEM16A pharmacology. In the past decade, dozens of modulators of TMEM16A have been discovered, including a small number of activators and a large number of inhibitors [68] . Among them, activator ginsenoside Rb1 (GRb1), Resveratrol (RES) and Chitooligosaccharide (COS) can increase the amplitude and frequency of contractions form guinea pig ileum [69] [70] [71] , inhibitor Dichlorophenol, Benzbromarone and Hexachlorophenol can be used as bronchodilators and prevent hypersecretion of mucus [72] , and inhibitor T16A inh -A01 and MONNA can reduce DRG neuron sensitivity and reducing neuropathic pain [73] . In addition, Matrine, a potent TMEM16A inhibitor was found to have anti-lung adenocarcinoma effect by our group [74] .
Currently, most researches on modulators mainly focus on the identification of modulators and the potential application of drugs. It is worth noting that the binding sites and regulatory mechanisms of most modulators are not clear, and the interaction mechanism between drugs and TMEM16A is rarely reported. In recent years, we have attempt to propose regulatory mechanisms for some modulators. The binding sites of activator GRb1 include: N650, A697, E705, L746, which E705 is part of the calcium ion binding site (Fig. 4a) [71] . In 2020, we identified two analogs of GRb1 (GRg2, GRf) from ginseng that can activate TMEM16A, and found that they have the same binding site as GRb1 [75] . Impor-tantly, we found that electrostatic interactions and hydrophobic interactions together maintain the stability of the drug at the binding site, and the binding of the modulators may induce TM6 allosteric in the process of activating channels, which is similar to the calcium activation of TMEM16A mechanism. In addition, the binding site of COS is located in the intracellular (E143, E146), and electrostatic interaction is essential for the binding of COS to TMEM16A. However, the detailed mechanism of its activation channel is unknown [69] . The binding site of the inhibitor Matrine is between the first and second transmembrane helix and contains three aromatic amino acids (Y355, F411, F415) ( Fig. 4a) [74] . We speculate that p-p stacking interaction may beneficial to binding of Matrine and TMEM16A.
TMEM16A modulator drug discovery often uses highthroughput screening strategies [76] . This strategy took advantage of YFP fluorescence quenching by halide ions to identify compounds that perturb iodide influx through activated TMEM16A channels. In 2015, Peters et al. used this method to obtain two micromolar-grade TMEM16A channel blockers (NTTP, 1PBC) [59] . Although this is an effective strategy, the investigation is relatively expensive and the cycle is long. Consequently, virtual drug screening is considered an efficient and economical means of drug discovery [77] . The first step of this method is to use a threedimensional quantitative structure-activity relationship (3D-QSAR) pharmacophore modeling method to construct build a pharmacophore model of the modulator. The second step requires a vir- tual screening of the drug to obtain candidate compounds. Finally, further biological validation of the candidate compounds would be necessary to absolutely determine the activity (Fig. 4b) [78] . In 2018, Lee et al. screened two potential candidate compounds of TMEM16A inhibitors by a ligand-based 3D-QSAR pharmacophore model and subsequent molecular docking methods [42] . In addition, a virtual screening strategy by constructing a structurebased 3D-QSAR pharmacophore model is also considered feasible, which requires reliable targeting of active sites to build pharmacophore models.
Based on the understanding of TMEM16A structure and the investigation of modulation mechanism, we believe that the upper entrance of the channel is a natural and excellent binding site of its blocker. Therefore, this site is suitable for the construction of a TMEM16A inhibitor pharmacophore model. However, the structure of this site is relatively flexible, and if it is used as a structural model of targeted binding sites, the biological functions of key residues in the pocket need to be further determined. Another important active site is the pocket for calcium binding sites. This site is suitable for the construction of a TMEM16A activator pharmacophore model. It is assumed that the drug can cause channels to opening in a manner similar to Ca 2+ -activated channels. In addition, some other modulator binding sites away from the pore domain can also be used to build pharmacophore models. However, these sites need to be carefully selected because the mechanism by which they affect the channel is unclear.
Summary and outlook
Recent progresses in the research of TMEM16A channel structure provide novel information for investigating its molecular mechanisms. And several new structures of its homologues provide an important reference for understanding the structure-function relationships of TMEM16A. Currently, more detailed gating and ion permeation mechanisms for the TMEM16A channel are need to be clarified, because this is the key to understanding the structure and functional relationship of the TMEM16A channel. In addition, TMEM16A is an important potential biomolecular target for neuropathic pain, asthma and lung cancer, and its structural understanding will facilitate the development of related drugs. However, there is relatively little research concerning the mechanism of TMEM16A modulator interaction with channels. We hope this review will provide readers with a comprehensive understanding for the structure of the TMEM16A channel. 
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